Abstract-We propose and implement a low-complexity dual-chirp FMCW radar system for surveillance applications. The FMCW radar is suitable for the detection of various positions of multiple targets for the monitoring of concealed humans. For a surveillance FMCW radar system, it is necessary to distinguish between stationary and moving targets while maintaining a low level of complexity. However, conventional FMCW radar systems are very complex with many chirps to distinguish between stationary and moving targets. Even in hardware with low complexity levels, in order to distinguish between a stationary and a moving target, the proposed algorithm employs only dual chirps. Experimental results show that the proposed algorithm can effectively distinguish between moving and stationary targets despite its low complexity and low-level hardware.
I. INTRODUCTION
Recently, there have been several studies of radar sensors for surveillance applications [1] - [10] . These areas are popular because radar sensors have many advantages compared to other sensors. For example, radar sensors can detect at longer distances than an ultrasonic sensor with a short detection distance and can detect targets even in environments in which a camera sensor cannot operate easily, such as at night or in fog [1] - [3] .
Meanwhile, in the various radar systems used for surveillance applications, the frequency-modulated continuous wave (FMCW) radar system represents a promising technology due to advantages such as lower complexity and cost levels [6] - [15] . Compared to pulse radar systems, FMCW radar systems have relatively low transmitted peak power levels and can meet certain range and velocity resolution requirements with relatively simple hardware and architectures [6] .
In earlier work [10] - [12] , FMCW radar algorithms with multiple channels for surveillance were designed and implemented. In one study [10] , the authors investigated the implementation of 24 GHz FMCW radar for surveillance and detected the range, velocity and angle of targets. Meanwhile, in other words [11] - [13] , researchers presented a scalable architecture for acquisition and a FPGA-based processing platform of a radar sensor with a single transmitter and multiple receivers. However, these algorithms usually perform full-dimensional FFT when detecting in order to distinguish between stationary and moving targets and thus require high complexity levels. The most important issue in relation to surveillance radar is a quick identification of the presence of a moving target. Therefore, these algorithms are not suitable for surveillance radar systems due to their high complexity.
In this paper, we propose and implement a low-cost FMCW radar algorithm with very low complexity for surveillance applications. The proposed radar algorithm recognizes a moving target with an inexpensive chip and a simple RF. In order to distinguish between stationary and moving targets, we initially employ only dual chirps. Due to the characteristics of FMCW radar signals, when the target moves, the phase according to the chirp changes due to the Doppler effect. That is, the proposed algorithm recognizes the existence of the target by observing the phase change between the dual chirp signals. Furthermore, this system is implemented as a 24 GHz module with low complexity in order to verify that the proposed algorithm is suitable for surveillance applications.
The structure of the paper is as follows. In Section II, we introduce and define the system model and the main notations used in order to ensure a proper understanding of the FMCW algorithm, such as the TX and RX signals used in FMCW radar systems. Section III shows the conventional FMCW radar detection algorithm using the 3D FFT. In Section IV, we present the structure of the proposed algorithm. In Sections V and VI, simulation and experimental results for various cases are provided. Finally, Section VII concludes this paper.
II. SYSTEM MODELS
This section discusses the different models of FMCW radar systems and the notations used in them. We consider reflected signals of FMCW radar in order to detect the ranges, the velocities, and the azimuth distributions of targets [6] . To facilitate an easier understanding of the concepts, we initially consider the case of a single target, after which we extend this to the case of multiple targets.
Consider a uniform linear array (ULA) of K receiving (RX) antenna arrays with distance d between adjacent arrays ( ) ( ). The beat signal y l,k (t) is expressed by omitting  and f D for simplicity, as follows 
After an analogue-to-digital conversion (ADC) of , ( ) 
III. CONVENTIONAL 3D -FFT DETECTION ALGORITHM FOR SURVEILLANCE APPLICATIONS This section introduces the conventional detection algorithm using the 3D-FFT. In order to estimate the range, the velocity and the angle of a target, a data cube composed of the 3D beat signal in (7) is employed. The conventional algorithm performs 3D-FFT operations on the data cube in the time (range) domain, the ramp (chirp) domain, and the array domain.
First, as shown in 
where
That is, the range domain N RFFT -point FFT output vector at the l-th chirp and the k-th array in the array domain, the 3D map which reflects the range, velocity and DOA is obtained. However, in order to perform a 3D FFT, very high complexity is required, as is well known. This causes the processing time and cost to increase. Meanwhile, in order to reduce the computational complexity of multi-dimensional FFT operations, FFT algorithms with reduced dimensions have been proposed [16] . In these algorithms, the range of the FFT output is initially determined, after which the peak of the magnitude of the FFT output is detected. The authors use the characteristic by which the targets exist only in the range bin with the peak of the magnitude of the FFT output. They conduct a chirp-domain FFT operation on only the range bins in which the target exists. By not performing the chirp-domain FFT on the range bins without a target, they reduce the computational complexity of the multi-dimensional FFT operation. However, these algorithms require additional algorithms such as clutter mitigation or moving target indicator algorithms because they do not distinguish between clutter and the target.
IV. PROPOSED FMCW RADAR ALGORITHM FOR SURVEILLANCE APPLICATIONS
In the surveillance radar systems, the first important issue is a quick determination of the presence of the targets of interest. In cases where there are no targets of interest, we do not need to use resources unnecessarily. That is, the detection algorithm should be run only if there is a target of interest. To this end, the proposed method initially determines whether or not a target exists. Parameter detection operations are performed after it is determined that a target exists. Figure 4 illustrates the structure of the proposed algorithm. As shown in Fig. 4 
Generally, clutter or stationary targets do not move. Accordingly, the Doppler effect does not occur. On the other hand, when the target moves, the Doppler effect arises, and the phase changes as the index of the chirp increases. If there is no moving target, the Doppler frequency equals zero; i.e., f D = 0. Therefore, only the noise terms remains in (9) Here, we properly select two chirps, i.e., p and q. This is done because we want to avoid a case in which the proposed algorithm does not work properly. For example, if the phase changes at the two chirps are symmetrical, the output after subtraction may be zero, as if there is no moving target. However, the duration of one frame is relatively short compared to the moving time of the target. By properly selecting two chirps, we can avoid cases in which the phase changes of two chirps are symmetrical. Fig. 4 . The structure of range detection of the proposed algorithm. Figure 5 shows the waveforms of beat signals and their difference according to a sample index for stationary and moving targets, respectively, when l = 1 and 3. As shown in Fig. 5(a) , in the case of the stationary target, it can be seen that the difference between the two beat signals becomes almost zero. In the other hand, in the case of the moving target, the difference between the two beat signals follows a sinusoidal waveform with the beat frequency as shown in 
where c is the speed of light,  is the estimated delay, and ˆb f is the estimated beat frequency. Furthermore, we use only two RX antennas in order to ensure a low cost and low complexity. The proposed algorithm does not perform array-domain FFT in order to detect the DOA information. In the proposed algorithm, the DOA is estimated using the phase change between two arrays instead of an array-domain FFT, as follows [17] 
where  denotes the term apart from except DOA term in (3). Of course, this simple DOA estimation is only possible in the condition with a single target. However, even with multiple targets, if the ranges or velocities of the targets are not identical, the outcome will be similar to that of a single-target condition in a FMCW radar system [10] .
V. SIMULATION RESULTS
This section addresses the simulation results in order to observe the feasibility of the proposed algorithm. The parameters for the simulation of FMCW radar system are shown in Table I . In order to consider the multiple targets condition, the number of targets is set to four and the 4th target is set to stationary. Figure 7 shows the snapshot of the simulation result of range estimation by the proposed scheme. Even though the number of targets is four, there are only three peaks. This is because the 4 th target is stationary and thus only three moving targets are detected. This result implies that the proposed scheme distinguishes between stationary and moving targets by using only two chirps. Figure 8 shows the root mean square error (RMSE) of range estimation of the proposed scheme. In order to observe the effect by complex amplitude of beat signal, the simulation of two cases is performed. Fist, in Case I, the magnitude and phase terms of the complex amplitude a in (7) are set to be uniformly and randomly distributed between 0 and 1 and 0 and 2π, respectively, i.e., 
VI. EXPERIMENT
In order to confirm the performance of the proposed algorithm using two chirps in an actual environment, we performed a variety of experiments inside an advanced radar technology (ART) laboratory and an anechoic chamber located at DGIST in South Korea [17] . By using the chamber environment, we can find the exact positions of the targets to assess the performance of the algorithm by avoiding undesired echo terms. Then, we show the results of actual human movement by the experiment in the ART laboratory.
A. Front-end and Back-end Modules and Radar Signal Processing
From Fig. 9 to Fig. 11 show a block diagram of the front-end module (FEM), antenna pattern and photo of back end module (BEM) of our implemented FMCW radar system [18] . The implemented FEM utilizes outputs signals of 200 MHz in the range of 24.05 GHz~24.25 GHz at 10 dBm of power in the TX part of a FMCW radar system [18] . As shown in Fig. 10 , the antenna is composed of one TX and three RX antennas. The TX antenna is composed of five antenna element arrays. The BEM is based on the TMS320 DSP processor with maximum 150 MHz [18] . Figure 12 and Fig. 13 show the experiment results of estimated range and DOA of the proposed algorithm which is experimented in the anechoic chamber. For this experiment, out of three targets, two are stationary and only one target is moving. The two stationary targets are located at 3.3 m and 6.2 m, respectively. The moving target moves between the two stationary targets. As shown in Fig. 12 , the power spectral density (PSD) of two stationary targets is insignificant. On the other hand, for the moving target, the peak of the PSD is located at approximately 5 m. From this result, the proposed algorithm can detect only the moving target. Fig. 13 shows that the proposed algorithm accurately detects the DOA of moving target. Fig. 11 . Photo of back end modulation (BEM) [18] . We performed experiments in the ART laboratory when people were actually moving. As shown in Fig. 14(a) person moves from the radar to the wall at a range of 10 m. In order to confirm the performance of the proposed algorithm under several speed conditions, the experiments utilize two speed conditions, i.e., slow mode (walking) and fast mode (jogging). Figure 15 shows the result of used estimated range according to used frame index ,
with the developed surveillance radar system, as performed in Fig. 15 . As shown in Fig. 15 , the proposed algorithm can detect ranges of several steps, i.e., several speeds condition. In the slow mode, the range of the target changes slowly as the frame index increases. On the other hand, in the fast mode, the change in the range of the target is significant compared to that in the slow mode. These results imply that the proposed algorithm can detect a moving target well in condition which contain clutter and stationary targets despite its low complexity. Moreover, in order to verify the detection performance in the multiple targets condition, the experiment is performed in the condition of two persons. As shown in Fig. 16 , one person (target 1) walked toward the radar and the other person (target 2) walked away from the radar. Then, target 1 walked away from the radar and target 2 walked toward the radar. Figure 17 shows the snapshot of detection result (FFT output) of the proposed algorithm. Despite many clutter, the proposed algorithm detects two moving targets. Figure 18 shows the result of the estimated range according to the frame index for the two persons. In Fig. 18 , the dashed and solid arrows show the movement of the target 1 and target 2, respectively. Figure 18 shows that according to the elapsed time the movement of two targets is detected well. It implies that the proposed algorithm can detect not only a moving target well but also even in multiple targets under many clutter and stationary obstacle conditions. 
VII. CONCLUSIONS
We proposed and implemented 24 GHz FMCW radar algorithm using dual chirps for surveillance applications. In order to reduce the complexity of surveillance FMCW radar algorithm, we performed subtracting between two range-FFT outputs, instead of performing full 2D FFT. In order to verify the effect of the proposed scheme, the simulation results are shown such as RMSE and detection performance in the case of two kinds of amplitudes. Especially, it can be seen that RMSEs of two conditions become almost similar when SNR is larger than 10 dB region. In addition, experiments were conducted on moving and stationary targets in an anechoic chamber in order to verify the implementation of the proposed scheme. Furthermore, it was practically confirmed that the multiple targets are well detected even in the clutter-vulnerable environment even though it used only 2 chirps among the total 40 chirps.
